This study evaluates how characterization of tissue heterogeneity of myocardial infarction by cardiovascular magnetic resonance (CMR) is associated with cardiovascular events (CVE) in patients with ischemic cardiomyopathy (ICM).
Background
Prior studies demonstrated that the quantification of myocardial scar volume by CMR is superior to left ventricular end-diastolic volume, left ventricular end-systolic volume, and left ventricular ejection fraction (LVEF) in predicting future CVE in ICM patients. Evaluation of infarct heterogeneity by measuring infarct core and border zones through CMR might have a higher association with CVE.
Methods
Seventy patients (mean LVEF: 25 Ϯ 11%) considered for revascularization or medical management Ϯ implantable cardiac defibrillator were enrolled. A 1.5-T GE MRI (Signa, GE Healthcare, Milwaukee, Wisconsin) was used to acquire cine and delayed enhancement images. The patients' core and border zones of infarcted myocardium were analyzed and followed for CVE.
Results
Larger infarct border zone and its percentage of myocardium were found in the 29 patients (41%) who had CVE (median 13.3 g [interquartile range (IQR) 8.4 to 25.1 g] vs. 8.0 g [IQR 3.0 to 14.5 g], p ϭ 0.02 and 7.8% [IQR 4.9% to 17.0%] vs. 4.1% [IQR 1.9% to 9.3%], p ϭ 0.02, respectively). The core infarct zone and its percentage of myocardium, left ventricular end-diastolic volume, left ventricular end-systolic volume, and LVEF were not statistically significant. Sub-analysis of the medical management and revascularization patients with CVE demonstrated that the medically managed patients had a larger border zone, whereas there was no difference between border and core zones in the revascularization group (p Ͻ 0.05).
Conclusions
Quantification of core and border zones and their percentages of myocardium through CMR is associated with future CVE and might assist in the management of patients with ICM. (J Am Coll Cardiol 2010;55:2762-8) © 2010 by the American College of Cardiology Foundation Congestive heart failure (CHF) has become a widespread public health concern, affecting approximately 5.3 million patients in the U.S., with nearly 300,000 deaths reported annually (1) . The most common cause of CHF is coronary artery disease, and the highest mortality rate is seen in patients with ischemic cardiomyopathy (ICM) (2) . The high morbidity and mortality in CHF have been associated with a high incidence of ventricular arrhythmia and left ventricular (LV) remodeling (3, 4) . Myocardial scar tissue has been linked to ventricular arrhythmia (5) (6) (7) . Studies have also reported that patients with nontransmural infarc-emic territories results in a lower incidence of ventricular arrhythmia in patients with ICM (10 -13) . Recently, tissue heterogeneity (core and peri-infarct zones) has demonstrated increased inducibility of sustained monomorphic ventricular tachycardia and to be an independent predictor of post-myocardial infarction (MI) mortality (9, 14) .
This study analyzes tissue heterogeneity of MI by quantifying infarct core and border (peri-infarct) zones with cardiac magnetic resonance (CMR) in patients with chronic ICM and severe LV dysfunction. Quantitative tissue characterization to determine future CVE in the entire study population and a sub-analysis of patients undergoing either medical management or revascularization has been performed.
Methods
Patient population. Seventy patients with coronary artery disease and severe LV dysfunction (left ventricular ejection fraction [LVEF] Ͻ50%, mean LVEF 25 Ϯ 11%) considered for revascularization or medication therapy Ϯ implantable cardioverter-defibrillator (ICD) were enrolled retrospectively; there was no pre-defined enrollment period. All patients underwent diagnostic coronary angiography before CMR examination. All patients had evidence of prior MI as documented by late gadolinium enhancement (LGE) on CMR. Twenty-nine patients underwent revascularization (21 coronary artery bypass graft [CABG] and 8 percutaneous coronary intervention [PCI] patients) Ϯ ICD placement, and 41 patients received medical therapy Ϯ ICD placement. The patients were followed for CVE: ventricular tachycardia, ventricular fibrillation or ICD firing, worsening CHF (defined as worse New York Heart Association functional class), hospital stay, MI, repeat revascularization, syncope, and cardiovascular death, with telephone contact with patients, their relatives, or the referring physician and from review of clinical records. Patients with acute infarction (within 7 days of magnetic resonance imaging), unstable angina pectoris, asthma, pulmonary disease, severe valvular disease, or contraindications to the CMR examination were excluded. The study protocol was approved by the Human Subjects Committee at Stanford University. Imaging protocols. All images were acquired on a 1.5-T whole-body scanner (Signa, GE Healthcare, Milwaukee, Wisconsin) with the patient in a supine position with an 8-element phased-array radiofrequency coil with breathholding and cardiac gating. Cine images of the LV in short and long axes were acquired with a steady-state free precession sequence (repetition time 3.8, echo time 1.6, flip angle 45°, slice thickness 10 mm, slice gap 0). The LGE images (segmented k-space inversion recovery sequence, repetition time 7.1, echo time 3.1, inversion time 200 to 250, slice thickness 8 to 12 mm) were acquired throughout the entire LV starting at 10 to 20 min, after administration of 0.2 mmol/kg of gadolinium diethytriaminepentaacetic acid (Magnevist, Schering AG, Germany). The inversion time was set to null; the signal of normal myocardium after gadolinium diethytriaminepentaacetic acid administration was adjusted during the course of the scan as necessary. Image analysis. Cine images were analyzed with MASS analysis software (MASS Analysis Plus Version 6.0, Leiden University, Leiden, the Netherlands). Automatic tracing with manual adjustment of endocardial and epicardial borders from short-axis images was performed to calculate left ventricular end-diastolic volume (LVEDV), left ventricular endsystolic volume (LVESV), LV end-diastolic mass, and LVEF.
ASSESSMENT OF MI BY
LGE. The total myocardial and scar area in each of the 8 to 12 short-axis images (slice thickness 8 to 12 mm, gap 0 to 1 mm) were traced manually as shown in Figure 1 . Myocardial and scar volume for each slice were calculated as: area myocardium or area scar ϫ slice thickness. The scar percentage of myocardium was also expressed as a percentage of the total myocardial volume: volume scar/ volume myocardium ϫ 100. The scar is composed of the inner core and outer border zones. In patients with microvascular obstruction, these hypointense areas were included as scar area. Isolated midwall or subepicardial hyperenhancement was excluded, because this was not considered as scar area (16, 17) .
Multiple methods have been published for quantifying infarct scar volume and heterogeneity, including those based on signal-intensity thresholds specified a priori above a remote reference segment (14, 18) . Another method that has also been previously published was used in this study and is described in the following text (9) . Tissue heterogeneity analysis of MI was performed with CineTool software (CineTool version 7.1.2, GE Healthcare) as shown in Figure 2 . The maximum signal intensity (SI) within the infarct region was determined. Then a region of interest was drawn in a remote region of myocardium, and the maximum SI within this region was determined. The infarct core was defined as the zone with SI Ͼ50% of the maximal SI in the infarct, whereas the border was defined as the zone with an SI Ͼmaximum SI in the remote region of interest but Ͻ50% of maximal SI of the infarct. The volume of the core and border zones was determined as described in the preceding text for myocardial and scar volume, and the tissue mass (g) was calculated by the following: volume (ml) ϫ 1.05 (g/ml) (9) . 
Effects of revascularization.
When the patients were analyzed between the revascularization (CABG or PCI Ϯ ICD placement) and the no-revascularization groups (medical management Ϯ ICD placement), there were significant differences, as shown in Table 1 , except that the proportion The total myocardial and scar area in each of the 8 to 12 short-axis images (slice thickness 8 to 12 mm, gap 0 to 1 mm) were traced manually. Myocardial and scar volume for each slice were calculated as: area myocardium or area scar ϫ slice thickness. The scar percentage of myocardium was also expressed as a percentage of the total myocardial volume: volume scar/volume myocardium ϫ 100. The scar is composed of the inner core and outer border zones. of men in the revascularization group is significantly higher than in the no-revascularization group (p ϭ 0.04). However, there was no significant difference in total scar mass, border zone mass, or core zone mass and their percentages of the myocardium between the 2 groups. Overall, there was no significant difference in the proportion of patients who had CVE between these 2 groups (p ϭ 0.33 Table 3 . There was no significant difference in clinical parameters between these 2 groups.
Discussion
Tissue heterogeneity is present and quantifiable within the infarcted myocardial tissue. In patients with a prior MI and moderately reduced LV systolic function, the extent of the peri-infarct zone (border zone) characterized by CMR provides prognostic value beyond LV systolic volume index or ejection fraction for post-MI mortality (14) . Specifically, it has been shown that border zone and tissue heterogeneity correlates with increased ventricular irritability by programmed electrical stimulation (9) . Additionally, in those with ICM and severe LV dysfunction, enhanced border zone function defined as greater peak circumferential shortening strain and time to peak circumferential shortening strain showed positive correlation to inducibility of ventricular arrhythmia (19) .
Patients surviving MI and developing chronic ICM are at risk for developing CVE. However, not all patients with chronic ICM have similar risk profiles. Traditional clinical indicators (LVEF, New York Heart Association functional class, and coronary anatomy) and electrocardiographic markers (QRS duration, T-wave alternans, and signal average electrocardiogram) have been used to identify patients at risk for developing ventricular arrhythmia and sudden death (20, 21) . However, these markers have low predictive value. They are descriptors of myocardial and electrical dysfunctions rather than spe- Determining Tissue Heterogeneity (A) An area of late gadolinium enhancement (LGE) was identified (red) and was planimetered by a trained observer. The observer then planimetered a region of interest (ROI) in the remote, noninfarcted myocardium (blue). (B) The maximum signal intensity (SI) within the area of LGE was determined (LGE SI max ϭ 29). The maximum SI within the remote ROI region was determined (ROI SI max ϭ 5). The infarct core was defined as the zone with SI Ͼ50% of the maximal SI in the infarct (SI core ϭ 15 to 29), whereas the border was defined as the zone with an SI Ͼ maximum SI in the remote ROI but Ͻ50% of maximal SI of the infarct (SI border ϭ 5 to 15, between the red lines; the value of 15 is included in the border zone). (C) The total scar is depicted in green. (D) The border zone is depicted in green. The area of the core and border zones was determined, and the tissue mass (g) was calculated by the following: area ϫ slice thickness ϫ 1.05. LMB ϭ left main bronchus; RMB ϭ right main bronchus.
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Prior studies have demonstrated that quantification of myocardial scar volume and percentage by CMR is superior to LVEDV, LVESV, and LVEF in prognosticating future CVE, particularly ventricular arrhythmia, in patients with ICM (8, 18, (22) (23) (24) (25) . This study confirms that the quantification of the total scar mass by CMR can be associated with the development of CVE in patients with ICM. More specifically, however, this study demonstrated that quantitative tissue characterization of the border zone mass and border zone percentage of infarcts is associated with CVE. Other parameters such as core infarct mass, core infarct percentage, LVEDV, LVESV, and LVEF were not associated with future CVE in patients with ICM.
We have performed a systematic quantitative analysis of CMR images to identify specific tissue characteristics of the infarcted myocardium, which might serve as a longitudinal prognostic marker for developing CVE in patients with ICM. Recent studies indicate that injured but viable myocytes in the peri-infarct territory consistent with nontransmural infarction might lead to CVE (14, 26) . The presence of residual viable myocardium, as a path of conduction and/or site of peri-infarct ischemia, might be a necessary cofactor in the pathogenesis of CVE, a conclusion that has Clinical and CMR Characteristics of Patients been reported in previous studies (14, 26) . This study demonstrated that a more quantitative evaluation of the nontransmural extent of MI through analyzing the size of the border zone (peri-infarct injury zone) demonstrates a higher association with CVE in this patient population of high morbidity and mortality.
On the basis of our study, a more detailed analysis of the injured myocardium with CMR to analyze infarct heterogeneity might provide therapeutic guidance in patients with chronic, severe ICM. Subanalysis of patients who underwent medical management demonstrated that a larger border zone might represent a significant association with CVE, presumably through peri-infarct ischemia as described in the preceding text.
Conclusions
Quantitative tissue characterization of the border zone mass and border zone percentage of infarcts was associated with a higher likelihood of future CVE in patients with ICM. However, core infarct mass, core infarct percentage, LVEDV, LVESV, and LVEF did not demonstrate any significant association. This CMR-guided technique might assist in clinical management of patients with ICM.
